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NATIONAL ADVISORY COMHITTEE FOR AFROKAUTICS
TECHNICAL NOTE KO, 783"

A PLIGHT INVESTIGATION OF EXHAUST-HEAT DE-~ICING

By Lewis A, Rodert and Alun R. Jones
SUMMARY

The HFatlonal Advisory Committee for Aeronautics has
conducted exhaust—-heat de-icing tests in flight to provide
data needed in the application of this méthod of ice pre-
vention. The capacity to extract heat from the exhaust
gas for de—~icing purposes, the quantity of heat required,
and other factors were examinred. The results indicate
that a wing—-heating system employing & spanwise exhaust
tube within the leading edge of the wirg removed 30 to 35
percent of the heat from exhaust gas erntering the winge.
Jata are given from which the heat recuired for ice pre-
vention can be calculated. Sample calculations have been

engine power

made on a bssis of existing ' ratios to show
wing area

that sufficient heating can be obtained for ice protectlon
on modern transport airplanes, provided that uniform dis-
tribution of the heat can be secured.

INTRODUCTION

Previous FACA investigations {(references 1 and 2)

have indicated that the use of exhaust heat offered a prac~

tical means of providing ice protection to the airplene
wing, but it has becr fourd that additional data wore ne-—
cessary beforc full-scale application of this means could
be undertaken. Tests have been made to determine how much
heat can‘be taken from the exhaust gas and how nmuch heat
is required for ice protectlon. In addition,; some obser=
vations were made on the temperature-distribution oharacé
teristics o2 model wings, the nature of the mechanics of
ice prevention and removal, and methods of control in ex—
haust heating systems to aid in the interpretation of the
data. Calculations were made to determine the appllcaoilé
ity of the present result to several modera transport air-
planecse.
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APPARATUS AWD TZSTS

00/2

The tests werelconducted in flight% onrn a modei wing
having an HACA section, a span of 4 feet, and a chord
of 3 feet. Tke model wing was mounted between the wings
on an IBM Havy biplane. The general view of the test ap—
paratus is shown in figurs 1. Pigure 2(a) shows he model
on the airplene,; and figure 2(b) illustrates the interior
construction of the model wing.: The construction was
similar to that used in all-metal wings having two spars
and stressed skin. End plates were employed in order to
preserve, as much as poessible, the two-dimensional air-
flow cheracteristics. Durisng ons of the first flights,
the outboard end plate was insulated from the wing to
determine whether tho heat flow from these platess should
be considered, but it-wes found to be negligibdle,

In the tests conducted to determined how mwuch hoat
could be extracted from the exhaust :gzas, an exhaust btube
was placed inside the wing along the interior of the lead-
ing edges (See fig. 2{(®).) The mechanics 2involwed in
the heat exchange for the model in tiis form are cxplained
with the aid of figure 3. Heei is transmitted from the
exhaust tube %o the wing skin by radiation ard convecction.
The transmission by convection is controlied by chenging .
the circulation of air through the model interior. Heat
ie picked up by the air between pcints A and B (fig. 3).
The air follows a path tarough the after portion of the
wing, as shown 1in figure 3, and loses a large part of its
heat to the wing skin. Any heat remaining in the air is
lost at~the trailing edge through a discharge slot ox~-
tending the entire sprn of the wing.: :

In the hot-air system, air was heated by an exhaust
heater separated from the mcdel, as shown in figure 4.
A photograph of the model wvhen hbated by hot ailr is shown
in figure 5(a). The heated air flows along the leading
edge of t#de molel and tkeace through the afier portioa,
as itdid when the exhaust tube was used. The hcat trans—
mission ard the de-icing tests wore made with the model
adaptcd for the use of hot air because the nore precise
measurcnents were obtained with this method of heating.

The exhaust gas from two of the cylinders from the
airplanc engine was used as a source of heat in all the
tests. The rates of flow of the exhaust gas and the air
involved in the experinents were measured by thc use of



HACA Technical ¥oie Fo. 783 3

orifice neters. Temperature-cdifference measuremeats were
nade with thermocouples, while the ambient—-air temperature
was r2ad from a strut nercury thermomoter. ke tenpera-—
ture changes measured in the exhaust gas and the circulated
air, conbined with the gos and the alr-flow neasurcnments,
perclited a definltion of the heat exchange in the nodel.
Phe noture of the hent distribution was observed fronm ten—
perature acasurenents at aunerous points on the model skin,
The positions of the skin ther-ocouples are shown 1n fig-
urcs 3 and 4,

The wing was mounted oz a support tube ruanning span-—
wise at tae 25-vperceat choré poirt and at the trailing—
edge nmidpoint, as is showa in figure 2(a). The angle of
attack of $the model could be ckhanged in flight by the ro-
tation of the threaded rod ecxtending upward froon the lower
airplare wirg %o the trailing edge of the nodel. All the
tests werc nade at zero angle of attack. The attitude of
the molel was adjusted by egqualizing the vressures of two
stotic orifices at goometrically similnrr vesitions on the
uprer axd the lowver surfaces. a :

iisunl records were obtained by photographing the ice
fornations and their removal with o 35 mo notion-piciure
canara., The caners and the mounting are skhown in figure 1.
Icing conditions were sinulated by the discharge of water
fron spray nozzles in fron’ of the nodel. The desired
temperantures were obtained by flyinz at the proper altituioe.
Th: spray nczzles 'in operntion are shown in figure 5(b).

Cther apparatus for naking the measurerenis, such as
nillivolimeter, pressure recorders, heating controls, and
thermocouple sclector switches, were located in the ob-
server's cockpit.

Tost _prccecdure.—- Al the tests were made at an air
speed of 1GO0 miles per ncur and, as has been'noted, at
zero angle of attaciz. The hent transmission tests were
nade in "dry" air (zo visible moisture) and in nissy cloud
formations which wore thick encugh to cause the wing sur-
face to beconme thoroughly wetted. Thao tests in the clouds
were taken to be represcntative of actunal icing conditiorns,
except thet tae temperature of the air was above, instead
of below, 32° F. Becausc the tests wérec nmade to0 measure
the Leot tranrsmission in which the temporaturc differcunce
was obscrved, this deviation is belicved to be a valid
procedurc,. d2 attenpt was nade, therefore, to conduct
these flights at any particular air tenperaturec.
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De~-icing tosts werc rado witih oir temporatures be-
tween 17° and 25° F. Tue spray nozzles produced a water—
Arop content in the air streanm comparable with that in a
very severe icing ccndition. A dlsztinction was nade in
the testing procecdure between ice prevention ond ice re-
movol. Ice-proventicn tests were ncde to measurc the
heating reguirements for the prohibition of any ice on
thc model wing. The ise-removal tests were nade o ob-
serve the operction of and to measure the heat rejuirei
for the removal of ice formed before the Lheas was turnod
on. Motion pictures were taken during the ice—preovention
and tihe ice~romoval testis.

RESTLTS AND DISCUSSICH

Characteristics of Bxnaust-~-Tube Sysion

Tho results of the tests tc determine the capacity of
the exhoust—~tube nodel $c renove heat from tlae exlhiaust zas
are gilven in table I. Mhe data indicate that the use of
an exhaust tube in the leadizg esdgae of the wirg provided o
systen that remeved 30 to 35 percent of .tke heat from the
exhaust gas entering the wing.

It was further observed that, by o reduction of the
anount of alr circulated within the wing, the capacity %o
extract Leat from the exhzust gas was reduced only slightly
and that a larger portion of the acat wos dissipated fron
the forward 30-percont portion of the winge Accordingly,
the tenperature risec of the leading-edge region was in-
crecased and the tenperature rice of the after portion was
decreased wien the clrculation of awir was discontinuei by
sealing the baffie. The temperature rise of the after
portion of the wiang when thoe air circulation is sitoppei
is largely due to the transfer of heat from the leading
edge in a rearward direction through the boundary air.
Although a chordwise distribution of heat may be obtalned
by the air convection ovor the ousside of the winrg, tae
heat given to the Dboundary-layer air forword can be only
partly rocovered by the wing surface rearward; therefore,
lreat is wastecd. Phe most efficient use of tle heat is
obtained when the Adistribution results irn a uniforn ton-~
Perature rise ovar tko roglon that is to be protocied.

Although the reduction of the quantity of air cir-
culeted through the wing may result  in o reduction of the
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efficicnecy of the heating of the crtire wing surface, a
consileration of other factors indicates that the concen-
tration of heat at the lecding edge may be desirable.

Sone provision for inereasing the quantity of heat that
can be directed S0 the leading cdge is desirable when
extroncly severce icing conditions are encountered. The
leeding edge should always e kept frce from ice, even
though accretions nmay form on the after portion of the
wing because, as is shown by reference 3, surface probtu-
bDeraaces over the forward 20-perccent vortlon of the wing
are of greater harm to the aerodrnemic efficiency than are
protuberances on the aftcr portion. Reccont flight tests T
on & wing that was equipped with an inflatable de-lcer
enphasized the ceounclusicns of reference 3. The flight
tests nede on o fulle~scale wing with a mean aerodynanic
ckhord of 94 inchoes showed that simulated ice foruatioas
1/2-inch high in the vicini*y of tke de—icer attachment
strips, whick are about 7 percent back from the leading
edge, rcsulted in & profile—drag increase of more than

380 percent and a decrcase in an:x of 59 percent.

Attention is callied to the fact that tho present re-—
sults ¢o not confirn the coznclusiors drawn from the pre—~
lininary tests of reference 1 as regards the effective-
ness of heating only the lzading edge. In %he tunnecl
tests, o hecting system that naintained the forward 10-
perccat porticn of a mofel a2bove 2009 F under dry-—air )
conditions had sufficicnt capocity to prevent and to ra-—
novo icc forzatlions over the entire wirg. In the flight
tests with the present model, clininating the circulated
air produceld skin-tonpernturc rises of about 200° F over
the forward 18 pcrcent of the nodel, but ice formecd on
the afterbedy when the wing was subjected to icing condi-
tions. " -

Hotecorological observntions indicate that icing con-
Gitions of great severity uwusually occur over oaly a lin-~
ited gcographical arca aazd altitude ronge, A de-icing
systen, therefore, that can concentrate heat on the lecad-
ing odge of the wing at the expense of"thg_trailing—cdgc
region is believed to be of particular value in st&rms
of reat severity because the lsading edge can be kept
cocntinuously clear, and the ice which may form near the
trailing cdge of the wing coan be renoved after the storm
center has been passed. _ .=
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Heat Transmission Tests

Tie transmission of heat from the nodel wing is given
in ceoefficient form in table IIL. A conparison of tho ro-
sults odtained in the prescnt—investigation with those
given in refecrence 2 1s madc pessible by the inclusion in
the table of & calculated hecat~transfer coefficient based
oun the wing chord and the air-strean veldclty during the
present tests. The heat—transfer coe?f1c1en+ a was cale
culated from the fornula

g
AT(A)

in which @ 1s the heat transmitted from the nodel wing,
Btu per hour; AT, the average tenperature risc of the
nodel skin above anbient 2ir, degrees Fahrenheit; anrd

A, the %otal surface area of the nodel, square foots

(In 'this report the total surface area is approxinatod
by using a value squal to twice the product of the wing

span and -chord.) It is notsd that tho ary-air coosfficicent

obtalned in the present tests is nveout 82 percent of the
calculnated values from reference 2.° Theo Sgﬁi that the
present tests were made with an NACA &&88 a1rfoil, whoreas
the previcus work wag done on a Clark Y section, nay ex—
plain the difforoncecs. - The present neasurcencants are be-—
lieved to D¢ accurante to within +5 percent..

The possibility of deriving equations thot would

rnake the Tesults of tho present nodel flight tests appli-
cable to full-scale design wa:c suggésted BY a study of
reference 2., From the date praevided in this referexnce,

an equation was derived tc express the heat-transfoer cocf-
ficient for any airfoil of o ¥knowa chord ani at any veloc—
1%y, provided that the cnefficient is available for an
airfoil that ie similar in seéction, of o known chord, and
tested at o known velocity. :

The derived eguaticn is:

€

_—‘(VO ey / f | )

in which

@  Dhect transfer ccofficient, Btu/hour square foot/
degree Fahyenheit
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wing chord, fsel X -

velocity, niles per hour

cxporent determined by angle of attack
subseript

denotes prosoent ‘test conditions

at cruising angles of attack =n

it seercs nore reascaadle that n

¢ 'expressed aos o function of the average n~ir vo-
cver the surface in question rasher %fhan as a

the angle of attack, aos in reference 2. Sone
eristic of the airfoil, such as the 1lift cocffi-
could then he uscd to replace the Tvoruse—vcloclty
the exponeat n world have o ncor¢ geacral
Because further data are not available,
assuncd %0 be ccrrcet.
fron the preseat tests of 20, 100, aand 3
in eguation (1) for a,, ¥y, and og,
the following sqguation is written

cn rcefercence 2,
cxinately 0.8.

If thoe
are sub-
respec-

-1-0 8

o (2)

o = 0,6

n be assuxmed thot a uriform terperatutre rise
vined over the cntire sirplane wing, the nin-
to provent ice formotions, Qpin. is

it co

at reoguired

ziven Dy : =

in wihich T
Fahrenheit s
and @
nay be expressed as

feet s

Qmin

and spced,

by subs

tion (3)

If the

Ain = (32 - T) A (3)

T i temneraturc, deirees

A, the tctol surface areoc heated, sguare

is given in Btu per hour. Tahe plainun hoat
A functlon of uirplane chord

s the ambignt-air

end the - -ambtiedt-air

tituting the vaolue of o froa gquation (2

70 .8 - -
C.6 - (52 - ) A (4)

Qrin =
G028

fonperasure  risc over the wing is rot uniform, tho

requlrod heat aecording to equation (3) u111 be in error,

Lowever,

uem;craturu ray be oxoressed
in cqua-
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the extent of which will depernd upon the tomnerature vari-~
ation over the wing.

Ice~Prevention and Ice~Removal Tests

The tenperature rise, during the ice~prevention tests,
over the model wing surface varied rather widely from the
leadins edge to the yﬁrwlliug edec; thercfore 1t was oxe
poctod that tkhe heat oxponded for ice prevention would be
in oxcoss of the calculated heat raquired.

The rosults of the ice~provention and the icec-renoval
tests aro given in tabvle III. Sewveral of the ice-rcnoval
tasts wero reopoated for photographic pruposcs, during
which flights ico formatloans on the leadins edge varyirg
from 1/2 to 1 inch in thickness were rerovad 10 to 30 sce-
onds after the hecat was admitted tc the model. The re-
sults fron two differsnt ice-prevention tests are included
in the table. In the first tests, the heat supplied was
gradually reduced until ice formations were noted; then
the heat was slowly increased until all the ice was re-
moved. In the segond tests, the heat was reduccd until
the ice started kéﬁ form but did not spread beyond a small
rogion near the traillng edge. The residual ice on the
wing during a typical test of this kind is shown in figure

&,

On a basils of tix¢ heat-transmission tests, the heat
input of 567 Btu per hour per sqguare fcot corresponds to
an average calculated temperasure rise of about 30° F,
Because the cutside-air temperature was 24° ¥, a tempera-~
ture rise of only 8° F was rsquired. Thus, without a
uniform temperaturse rise, the gquantity of heat reguired
for ice prevention would be several timss as great as
would be predicted by the use of equation (3).

Several ice-removal tests were made to observe, wilih
the motlon~picture camera, tho manndr in which the ice was
eliminated. In each instance, the ice covering the lead-
ing edge was removed in less than 30 seconds and, as shown
by the rosults in table III, in as low as 10 seconds. Fig-
ure 7 shows the ty»ne of ice formation that was removod,
and figure 8 shows the same formation a few scconds after
the heatcd oir was edmitted %o the wing. The blurrcd ro-
glons on thoe photograph are pieces of ice being blown away
from the wing. Ice formations on the after portion of the
wing werc rendlly removed when hoated zir was circulated



WACA Technical Note No. 783 g

throughout the interior of the wing. When the model that
was heated by the exhaust tube was tested without internal—
air circulation, the removal of ice from regions near the
trailing edge (icing conditions veing discortinued) was
slow, and a greater total gquantity of heat was emnployecd
than during other successful ice-removal tests.

Application of Test Results

The design of ice-proventior eguipment that uscs ex-
haust heat is principally a problem of hoat distribution.
The important considerations in the problem arc: (1) the
range of ambient-air temperature over which protection is
desired; (2) the ratio of exhaust thermal energy to the
surface area to be protected; and (3) the extent to which
a uniform temperature rise can be obtained over the heated
region.

For any particular gecgraphical location, the tempera—
ture range common to icing conditions is a factor that can
be defined only by statistics. The information of the ton-
peratures at which lcing conditions -have occurred on the
Rorth American continent is limited. On a basis of reports
on air-line operations within the United States, however,
severe icing occurs with the greatest frequency at tempera-
tures above 15° F. Reports received indicate that in
Canada severe icing conditions occasicnally occur at still
lower temperatures. Inasmuca as the most common icing con-
dition occurs Just slightly under freezing temperature and
at the higher temperaturces the largest amount of water 1is
encountered, it will be assumed, for purposes of this
analysis, that the tempevature rise over the protected
area must be not less than 17° ¥. This rise would be suf-
ficient to give icc protection at air temperatures of 15°
F or above, provided that the temperature: dlstrlbut*on
over the wing surface is uniform. o

An onalysis hos been made on the basis of the charac-—
teristics of 12 modern transport airplahes %0 determine
what temperature rise might reasonably be sxpected if 30
percent of the available exhaust -heat is applied to wing
heating. Although seversl assumptions and qualifications
must be made in such a study, it is believed that this
analysis is a good indication of the applicability of the
exhaust heating system. Two assumptions have been maded
(1), that the available exhaust heat is equal to the en~
gine power at maximum speed; and (2), that this heat will
be uniformly applied to the eatire wing surfaces Actually,
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the exhaust-~gas energy wasted by the nodern engine is in
excess of the useful pcwer and, therefore, if the heat is
used economically, the first assuvmption will be valid.

The sccond assunption also appears to be conservative. be-—
causc portions of the wing covered by the fuselage or en-
ginec nacelles may not requlre protection from ice formaw—
tions. I+ may be shown by reference 3 that a large parst
of the lifting surface in the traillng-edge region could
be covered with ice and would anot produce a grecat loss

in aerodynamic efficiency of the airmlane, slthough a pro-
tection for the flaps and the ailercns should be provided.

On-the basis of these assunptisns and the results of
the present iavestigation, the teomperature rise resuliing
from the use of an exhaust tubs inside the leading odgo
of the wing has been calculated. . An approximetion of the
applicd hodt per squure foot, 4, is given by the equa-~ |
tion :

q = é% (), Btu/hour/sguare foot (5)
in which
P cngine power at vmax’ Btuw per hour

S wing arca, square foot
B exchange efficlicncy of heating syctcﬂ, 30 percent

The transmission coefficient has been eaiculated fronm
eguation (2) for the 12 tronsport airplanes previously
nentioned on a basls of the average wing chord ord maxi-

nunn velocity vmax' From a knowledge of the heat appliod

g ond the hoaot-transfer coefficient o, an avorage ten—
peraturce risc AT for the lifting surfaces hns be cn: cal-
culatecd by the use of the equation

AT = &
a

The results ¢f tacse canlculations are shown plotted in
figurec 9, which indicates that a soatisfactory tonperature
rise can be obtained. The plotted points that show the
grecatost wing-surface teaperoture rise refer to the nost
recent oalrplane designs, which indicates that the preoscut
design trend is toward a greanter yotoutl v1 heatlng capac-
ity for the wing surface.
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When the excess tenperature rise in figure 9 is con-
sidered, that is, the horizontal displacenent of the plot-
ted points from the line that is designated 17° F, it
skould be remenbered that the location of the points is
based upon the uniform distributiorn of the temperaiure.

In any practical casec, some departurc from this condition
will be notcd and a smaller teaperaturc rise than indlcateﬂ
will be obtalned. :

Experieace in the desigr and the 0pcrnt10n of wing~
heating sysienms for de-icing should bring inprovezeats in
the uniformity of heat distribution and greater efficlency
in renoval of heat from the exhaust gas. In vicw of the
favorable resulte of NACA investigations on the applico-
tion of hecat in de-icing and also in consideration of the
reports tiat have -been roceived describing the successful
application of cxhaust-hert de-icing on anumerous four-
eagine tracsport airplancs in Germany, it is believed that
full—~scale application of this method should be undertaksn
at an early datec in the United States. A full~scole ap—-
plication of exhsasust-heat de—-icing is planned by the FACA
in ccoperation with the Arny &ir Corps, from which it is ™
hopeod will be obtalncd additioznal iata on the application
and tho operatiorn of this heating nothoil.

COLCLUS1IO0KS

le & wing with an exhoust—-gas tube ruvnning spoarwise
inside of the leadirg edge proviiled a system caopadle of
renoving 30 to 35 percent of tre heaot fron tao exh ust gos
entering the wing. )

2. Hecat—transmission tests in nisty clouwd fornations
indicated that the heat regquired for ice prevention may be
calculated from ar equation involving the oirplanc speced
and caord, and the ambient-air temperature.

Langley Menmorial Aeroncutical Laboratory,
ﬂatio§a1 Advisory Conmittee for dcromautics,
Langley Field, Va., Sentember 24, 1940.
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TABIE, I.- Heat Exchange Data from Exhaust-Tube-Model Testa

Air circulated|Heat content | Hoat removed|Heat trans-|Percontoge|Porcontage |Efficiency
through model| of exhanst from exhaust| mitted of hoot jof removed |of exhaust
ga3 entoring | gas by model| through entoring [heat trans-|tubs model
model wing gkin of wing mitted
above nodel removed | throush
arbiont air by model {model sidin
(1b/acc) (Btu/hr) (3tu/nr) (Btu/hr) systeom (percont)
0.19 259,000 100,500 82,000 39 89 34
16 2561,0M0 86,000 74,500 34 B7 30
0 284,000 96,000 96,000 34 100 34
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TABIRE II.~ Heat Transmission Data from Hot-Air-Model Toste

Welght of air|Heat added to|Hocat trans-|Efficiency)Average Heab Calculated | Surface
circulated circulnted |mitted from| of model |temperature|transmissionfheat trons-|condition
air codel ekin, | heat bx~ jrise of coefficiont, {migalon of wing
Q chunze  {model skin o coefficient
above fron refor-
arblent air cncoe 2
AT (Btu/hr/ (btu/nr/
(1b/sce) (Dtu/hr) (3tu/hr) (percent}|  (°F) sq £t/°F) | sq Tt/0F)
0.18 44,500 20,500 69 78.3 16.2° 18,7 Dry
.19 45,000 29,900 66 65.3 19.1 - et

£84 TOX ©30§ TVOTULDLE VOVN
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TASLE ITI.~ Ice-Provention and Ice-Reroval Date (Fot-Air Mcdel Wing)

Foat dissipated

Alr circulated Cutside air|Type of tosts Renarks
through nodel {temmerature
gkin
(1b/sce) (3tu/hr/sq £t) oy
0.08 917 23 Preventiom !Ice nreventod over
: entiro wing
048 587 24 Proventlon [Ice formed alonz the
tralling odge (see
fig. 6)
176 1300 34 Zonoval Ico ravoved over the

loading edge in 10 sec-

onds.
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Figurs 1.~ General vliew of XBX airplane, showing wing heated by hot eir,and
motlion-picture camera momted atove and in front of model.

284 *OR @10§ TWOTM{OOL WOVH

1 3




KXACA T.N.783

Figure Za.- Model wing heated by exhaust tube and mounted on XBM airplane
for fliight tests.

Figure 2b.- lModel wing in construction showing exhaust tube along interior
of leading edge.



NACA T.N. 783 : Figs. 3,4
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Figure 3.- Set-up of wing heated exhaust tube, showing path of exhaust gas and alr through
the model and the looation of skin-temperature thermooouples, x.
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Pigure 4 .~ Bet-up of wing heated by hot air, showing path of heated air through the model and
the location of skine=gemperature thermocouples.



NACA T.N. 783 Fig. 5a

52 - Wing,heated by bot alr,mounted on XBM airplane for flight tests.
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NACA T.N. 783 Figs, 5b,8

Figure 5(b).-
Spray noszzles
in operstion.

Figure 6.~
Model wing with
ice along
trailing edge.
The quantity
of heat
required for
prevention of
jce over rest
of model was
reduced to the
minipum,



NACA T.N.783 Figs. 7,8

Yigure 7.~ Nature of jece formation on model wing prior to ;pplicauon- ‘
of heat,
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Tigure 8.~ lLarge pieces of ice being blown away less than 10 s
after hot air was admitted to the wing
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Figure 9.~ The calculated temperature rise for 12 modern

transport alrplanes, (17°F is temperature rise
required for ice prevention at 159F )
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